The aim of the study was to analyse foliar feeding of winter wheat cv. 'Kobra' in combination with different soil fertilization treatments with calcium and magnesium compounds. The foliar fertilizers INSOL PK + 5% urea solution and EKO-SOL U were applied 3 times during the during the growing season in four soil fertilization treatments: control without fertilization, NPK, NPK + MgSO 4 × 7H 2 O, and NPK + CaO + MgO. The investigations involved a 3-year field experiment established on medium soil with a pH of 4.2 in 1 mole KCl × dm -3 and with the granulometric composition of clayey silt. The soil was characterised by a low content of available phosphorus and potassium as well as a very low content of sulphur and magnesium. The foliar fertilizers applied and the soil fertilization treatments had a varied effect on the yield parameters, the macronutrient content in grain and straw, and the content and quality of gluten. Among the soil fertilization treatments, the best production results and quality parameters of winter wheat were obtained after the application of the dose with magnesium lime. The foliar fertilizers had a greater impact on yield and gluten content than on the mineral composition of winter wheat grain and straw.
INTRODUCTION
The dynamic growth of the Earth's population requires us to continuously increase the production of plants intended for human consumption or animal fodder in order to meet the food demand. Cereals are a primary raw material for production of consumer goods, with the greatest importance attached to wheat, rice, and maize. Given the increasing urbanisation, higher crop yields are mainly achieved by improving productivity per unit area rather than by increasing the crop acreage.
Winter wheat is a plant with specific habitat requirements. The cultivation of wheat aimed at improving the productivity and quality of crop yields leads to the introduction of cultivars with higher nutrient demand into farming. A high rate of fertilization causes an environmental burden associated with unused nutrients [1, 2] and therefore, apart from soil fertilization, foliar fertilizers containing mainly N, Mg, and micronutrients are used in intensive farming [3] [4] [5] . The study showed greater effectiveness of foliar feeding compared to soil fertilization [6] [7] [8] . Foliar feeding allows fertilizer consumption to be reduced by improving the economic indicators of soil fertilization [9] . Combined application of foliar fertilizers with plant protection treatments lowers production costs and simultaneously improves the effectiveness of pesticides so that they can be used at a minimal dose [10, 11] .
The aim of the study was to determine the effect of foliar fertilization combined with soil fertilization treatments with calcium and magnesium compounds on yield and basic quality parameters of winter wheat.
MATERIALS AND METHODS
A three-year field experiment was established using a randomised block design in Rudnik (50 o 53 ' 23 .99"N, 22 o 57 ' 59.89 " E) on clayey silt with a pH of 4.2 in 1 mole KCl × dm -3 , characterised by a low content of available phosphorus and potassium as well as a very low content of sulphur and magnesium. The climatic parameters during the study period compared with the long-term means are presented in Figure 1 . Additionally, each year before sowing the winter wheat (Triticum aetivum L.) cultivar 'Kobra', magnesium sulphate at a dose of 19 kg Mg × ha -1 was applied to randomly chosen plots. In the plots treated with INSOL PK with the addition of urea, the nitrogen dose was reduced by 20.7 kg N ha -1 , since that amount was supplied through foliar feeding with the 5% urea solution spray liquid.
Foliar feeding was used 3 times during the growing season at the stages of tillering, stem elongation, and ear emergence. The foliar fertilizers were used in each soil fertilization treatment at the following doses: INSOL PK -6 dm 3 . 300 dm -3 × ha -1 and EKOSOL U -2 dm 3 × 300 dm -3 × ha -1 . INSOL PK contained (%): P -4.4 and K -15.8, whereas EKOSOL U contained (%): N -15; P -2.2; K -2.7; Na -0.15; B -0.01; Cu -0.012; Fe -0.012; Mn -0.017; Mo -0.002; and Zn -0.1.
The Triticum aetivum was harvested at the full maturity stage and samples were taken from 1 m 2 in 3 replicates. The grain and straw yields as well as the major yield components, i.e. grain weight per ear, number of ears/m 2 , number of grains per ear, and 1000-grain weight, were assessed in the samples.
After mineralization in concentrated sulphuric acid with the addition of hydrogen peroxide, the grain and straw were assayed for total N with the Kjeldahl method; K, Ca, and Mg with the AAS method using a Hitachi Z-8200 polarized Zeeman atomic absorption spectrophotometer; and P by the vanadium-molybdate colorimetric method using a Cecil 2011 colorimeter. Total sulphur was determined according to B u t t e r s -C h e n e r y [12] . The macronutrient removal was calculated as the sum of a nutrient in the primary yield and in the straw based on the nutrient content in the organs. The qualitative assessment of the yield comprised K : (Ca + Mg) equivalent ratios, N : S mass ratios, total protein content (N x 5.7), protein yield, and gluten content and its weakening according to the Polish standard PN-ISO-74041.
The results obtained were statistically analysed by analysis of variance and presented as means from the 3-year study period (1999) (2000) (2001) . The significance test was conducted using T-Tukey's multiple confidence intervals at a significance level of 0.05. 
RESULTS

Yield potential
The soil fertilization treatments applied in the experiment caused differences in the grain and straw yields and in all the yield components. Grain and straw yields as well as 1000-grain weight, number of ears, and number of grains per ear exhibited the highest values after the application of NPK with CaO + MgO fertilization. In turn, the magnesium sulphate MgSO 4 addition produced the highest increase in the number of spikelets per ear ( Table 1 ). The foliar fertilizers increased the yield and yield components in comparison with the control with the exception of the number of grains per ear. Among the foliar fertilizers applied, INSOL PK exerted a better effect on the winter wheat yield than EKOSOL U. The interaction between soil fertilization and foliar feeding had a significant impact only on the number of grains per ear.
The mineral composition of winter wheat
The content of macronutrients in winter wheat grain determined in the experiment is presented in Table 2. Both soil fertilization and foliar feeding changed the macronutrient content in the grain. Fertilization with the addition of the CaO + MgO doses significantly increased the contents of nitrogen, potassium, calcium, magnesium, and sulphur in comparison with the other soil fertilization treatments. The introduction of MgSO 4 to the fertilization treatment resulted in the highest S content but did not increase the magnesium content.
Deacidification of the soil also significantly increased the content of nitrogen, phosphorus, potassium, calcium, and magnesium in winter wheat straw in comparison with the control or the basic fertilization treatment (Table 3) . Fertilization with the addition of the MgSO 4 dose significantly increased the sulphur content in straw and reduced the phosphorus content in comparison with the other treatments.
Foliar feeding had a significantly lower effect on the mineral composition than soil fertilization. Compared with the control treatment, the foliar fertilizers caused a significant increase in the content of nitrogen, calcium, and magnesium, while EKOSOL U additionally increased the sulphur content in winter wheat grain ( Table 3 ). The foliar fertilizers applied significantly increased the content of nitrogen, phosphorus, and magnesium in straw, whereas INSOL PK increased the calcium content.
In the control treatment, which did not involve soil fertilization, the lowest values of the nutrient removal differed significantly from those obtained in the other fertilization treatments (Table 4) .
The NPK + CaO + MgO treatment was characterised by the greatest removal of the analysed macronutrients; only in the case of sulphur the removal of this element was higher after the application of NPK + MgSO 4 . The interaction between foliar feeding and soil fertilization had a significant impact on the removal of all the nutrients analysed.
Yield quality parameters
In the experiment, both soil fertilization and foliar feeding hada similar effect on the protein content in winter wheat grain, compared with the control (Table 5) . No significant differences were found between the foliar fertilizers applied and the different treatments of soil fertilization. The soil fertilization exerted a more beneficial effect on the protein yield than that of the foliar fertilizers. All soil fertilization treatments increased the protein yield in relation to the control; furthermore, a significantly higher protein yield was obtained in the NPK + CaO +MgO treatment than in the other soil fertilization treatments ( Table 5 ). The content of gluten depended on the soil fertilization treatments to a greater degree than on the foliar fertilizers applied, as indicated by the significant differences found between each fertilization treatment. Similar doses of INSOL PK and EKOSOL U increased the value of this parameter in relation to the control. Gluten weakening, whose value varied depending on soil fertilization and foliar fertilizers applied, is an important indicator of gluten quality. Generally, a higher content of gluten was accompanied by higher weakening values (Table 5) .
The factors applied in the experiment resulted in a similar K : (Ca+Mg) ratio in winter wheat grain and straw at a level of 0.7-1.0 : 1, and in a clear narrowing trend was found in the values under the application of the foliar fertilizers ( Table 6 ). The use of the foliar fertilizers increased the N : S ratio in the grain. In turn, among the soil fertilization treatments applied, only NPK + MgSO 4 significantly reduced the N : S ratio in winter wheat grain and straw, whereas the foliar fertilizers increased the ratio values, with the exception of EKOSOL U which decreased the value of this parameter ( Table 6 ). 
DISCUSSION
Yield potential
Wheat represents plants that are sensitive to acidic soil, and therefore it produced the highest yields in the CaO + MgO fertilization treatment. Numerous studies carried out on this research problem have confirmed this finding [13] [14] [15] [16] . The application of the deacidifying fertilizer had a beneficial impact on all the winter wheat yield components, as it limited the presence of mobile aluminium in the soil to a level of 28 mg Al kg -1 in comparison with the amount of 140 mg Al kg -1 in the other soil fertilization treatments [17] . The introduction of sulphur and magnesium to the soil without changing the pH value did not induce significant changes in the yields of winter wheat compared with the basic NPK treatment, as demonstrated by Ł a b u d a et al. [18] in their investigations of oats. The different response of these cereals to the application of magnesium sulphate is related to the higher tolerance of oats to acidic soil pH than that of wheat. Foliar feeding increased the grain yield, but to a lesser extent than soil fertilization, since it had no effect on the number of grains per ear. Although a great number of studies have indicated a beneficial impact of foliar application of nutrients [19] [20] [21] [22] [23] , there are also reports on the absence of plant response to foliar feeding [24, 25] .
The mineral composition
The content of the analysed macronutrients in winter wheat grain and straw depended on the type of soil fertilization applied; only the phosphorus content in the grain was similar in all the soil fertilization treatments. Soil liming applied as a basic deacidification treatment increased nutrient use and resulted in higher soil bioactivity [18, 26] . The highest nitrogen content in the grain and straw in this fertilization treatment may have been related to the higher mineralisation rate and the enhanced activity of nitrifying bacteria. The higher content of phosphorus resulted from limited chemical sorption of the nutrient in soil [27] , whereas calcium and magnesium were supplied with the deacidifying fertilizer.
The application of MgSO 4 in the fertilization treatment increased the content of sulphur and magnesium, but reduced the amount of phosphorus in winter wheat grain and straw, which may suggest phosphate binding to Mg 2+ ions in sparingly soluble forms at the stage of application of the fertilizers, as they were used in the same period. There are literature reports that show lower phosphorus content in plants resulting from sulphur fertilization [26, 28] .
Foliar feeding caused an increase in the content of N, Ca, and Mg in winter wheat grain and straw. However, the differences should be attributed to the increased uptake and utilisation of soil nutrients resulting from the application of the foliar fertilizers rather than to the direct effects of nutrient supply with these fertilizers [4] . M i c h a ł e k et al. [23, 29] report that the higher nutrient uptake from soil induced by foliar feeding is related to enhanced photosynthesis, transpiration, and plant respiration [30] [31] [32] .
The soil fertilization treatment had a greater effect on nutrient removal than foliar feeding. In the NPK + CaO + MgO treatment, N, P, K, Ca, and Mg exhibited the highest values of removal, since the reduction in the amount of mobile aluminium maintains the plant root system in full efficiency [34] . In turn, the greatest sulphur removal in the MgSO 4 fertilization treatment resulted from the low abundance of absorbable forms of this nutrient in the soil.
Yield quality parameters
The experimental factors applied had a similar impact on the protein content in winter wheat grain. However, the soil fertilization treatments exerted a greater effect on the protein yield than the foliar fertilizers. The beneficial impact of soil fertilization on the protein content and yield was associated with the nitrogen rate [34, 35] . In turn, the increased content of protein and gluten in the foliar feeding treatment may have resulted from nutrient supply in the critical periods of increased demand when nutrient uptake by the root system did not cover the nutritional requirements of wheat [11, 36] . The quality of gluten was correlated with its content, since the higher content was accompanied by higher weakening, i.e. worse gluten quality. The results obtained are in agreement with the findings reported by M a k a r e w i c z et al. [37] . A favourable effect of foliar fertilizers on wheat quality parameters has also been demonstrated in other papers [4, 3, 22, 38] .
The values of the calculated nutrient ratios in the conducted experiment were similar, but a narrower N : S ratio in winter wheat grain and straw was only obtained in the treatment with sulphur addition. The K/(Ca + Mg) and N : S ratios were different from the optimal ranges; only the N : S ratio in the grain fertilized with sulphur addition was most similar to 15 : 1, regarded as an optimal value [39] [40] [41] , and indicated a low soil sulphur level [42] . The K/(Ca + Mg) ratio values that were lower than the optimum 1.6 -2.1 : 1 resulted from the low content of available potassium in the soil, which led to non-exchangeable binding of part of the potassium supply introduced into the soil with the fertilizers.
CONCLUSIONS
1. In comparison with foliar feeding, soil fertilization exerted a more substantial effect on winter wheat yield, individual yield components, and macronutrient content in the grain and straw.
2. Foliar feeding had a positive impact on the quality parameters of winter wheat. EKOSOL U was more efficient due to the content of micronutrients in its elemental composition, whereas INSOL PK had a greater effect on yield. 3. Foliar feeding and soil fertilization increased micronutrient removal. The highest values of N, P, K, Ca, and Mg removal were obtained after application of INSOL PK and NPK + CaO + MgO. The application of magnesium sulphate in the fertilization treatment resulted in higher sulphur removal and a narrower N : S ratio in winter wheat grain and straw. 4. The best yield quantity and quality parameters were obtained in the NPK + CaO + MgO soil fertilization treatment; INSOL PK and EKOSOL U exhibited similar effects.
